Background {#Sec1}
==========

Daidzein is a natural compound found exclusively in soybeans and other legumes and structurally belongs to a class of compounds known as isoflavones. The pharmacological activity has been reported for daidzein in the prevention and therapy for cardiovascular disease \[[@CR1]\], menopausal relief \[[@CR2]\], osteoporosis \[[@CR3]\], lowering the risk of some hormone-related cancers \[[@CR4]\], and anti-inflammatory effect \[[@CR5]\]. Due to the chemical structure, daidzein has very poor water solubility and lipid solubility and was mainly absorbed in the intestinal tract after oral administration and easy to metabolize forming glucuronic acid conjugate or sulfuric acid conjugate \[[@CR6]--[@CR10]\]. In order to improve its poor bioavailability, recent studies were focused on its novel drug delivery system, such as daidzein phospholipid complex \[[@CR11]\], daidzein self-assembled micelle \[[@CR12]\], and polylactic acid nanoparticle \[[@CR13]\].

Liposome is an effective drug carrier system, which can encapsulate hydrophobic drugs, hydrophilic drugs, and drugs that interact with phospholipids \[[@CR14], [@CR15]\]. Due to its very good biocompatibility, liposomes can increase the intestinal permeability, reduce chemical and biological degradation, and reduce non-specific side effects of drugs \[[@CR16]\]. However, the use of conventional liposomes cannot fully overcome their binding with serum components and uptake by mononuclear phagocyte system (MPS) \[[@CR17]\]. To overcome such problems, long-circulating liposomes, modified with a hydrophilic or a glycolipid such as (polyethylene glycol) (PEG) or mono-sialoganglioside (GM1), have been developed in the past several years. The presence of PEG on the surface of the long-circulating liposomal carrier has been shown to form a layer of hydrophilic protective film, which can prevent the liposome interacting with a variety of components in the serum and consuming by phagocytes recognition \[[@CR18]\]. Therefore, long-circulating liposomes can extend blood-circulation time by reducing MPS uptake and thereby improve the bioavailability of drugs \[[@CR19], [@CR20]\]. In this paper, the preparation method of daidzein long-circulation liposome (DLCL), as well as its in vitro release and pharmacokinetic characteristics in rats, was investigated. The results provide experimental basis for the clinical application of DLCL.

Methods {#Sec2}
=======

Materials {#Sec3}
---------

Soybean phosphatidyl choline (SPC) was purchased from Lipoid GmbH (Germany). Cholesterol and DSPE-mPEG2000 were purchased from AVT Pharmaceutical Co., Ltd. (Shanghai, China). HPLC-grade methanol and acetonitrile were purchased from TEDIA Company (USA). Chloroform and methanol (analytical grade) were obtained from Sinopharm Chemistry Reagent Co., Ltd. (Shanghai, China). The water was purified by Milli-Q® water purification system ((Millipore, USA). Daidzein (≥ 98% in purity) was purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Apigenin (internal standard, IS, ≥ 98% in purity) was purchased from Delge Pharmaceutical Technology Co., Ltd. (Nanjing, China). Phosphotungstic acid hydrate (analytical grade) was purchased from Macklin Co., Ltd. (Shanghai, China). Tween-80 and ethyl acetate were obtained from Sigma (Missouri, USA). Formic acid (MS-grade) was purchased from Fischer (USA).

Animals {#Sec4}
-------

Ten male Sprague-Dawley rats (200--210 g) were purchased from the disease prevention and control center of Hubei province with the license number of SCXK (E) 2017--0012. The animal experiment was approved by the Ethics Committee of Hubei University, and complied with the guide for the care and use of laboratory animals.

Preparation of Daidzein Long-Circulating Nanoliposome (DLCL) {#Sec5}
------------------------------------------------------------

Taking particle size and encapsulation efficiency (EE) as evaluation indexes, the orthogonal design of four factors and three levels (Table [3](#Tab3){ref-type="table"}) was performed to optimize the best matching of the molar ratio of SPC to cholesterol (A), the mass ratio of the drug (daidzein) to the total lipid (SPC and cholesterol) (w/w) (B), hydration temperature (C), and ultrasonic time (D) at the condition of 5% content of DSPE-mPEG2000 \[[@CR21], [@CR22]\].

DLCL was prepared by thin film evaporation-sonication method described briefly as follows \[[@CR21]\]: soybean phosphatidylcholine, cholesterol, DSPE-mPEG2000, and daidzein were dissolved in a round-bottomed flask with 10 mL chloroform-methanol (1:4, v/v) mixture. Under the conditions of vacuum and 40 °C (water bath), the mixture was dried to form a thin film in the rotary evaporation apparatus (RE-2000A, Shanghai Yi-Rong Biochemical Instrument Factory, China), and then hydrated with 20 mL ultrapure water by sonication (80 w) for 24 min in ice bath. The liposomal suspension was extruded three times by filtering through 0.45 μm and 0.22 μm microporous membrane in turn. The prepared DLCL solution was stored at 4 °C. Long-term preservation requires the addition of 3% sucrose (used as a lyoprotectant) to the DLCL suspension and freeze-drying preservation at − 20 °C.

Determination of Daidzein in DLCL by HPLC {#Sec6}
-----------------------------------------

The column was a Phenomenex ODS analytical column (150 mm × 4.6 mm, 5 μm) connected to a guard column (30 mm × 10 mm, 3 μm) with the column temperature of 40 °C. The mobile phase consisted of 10 mM aqueous ammonium acetate solution (A) and methanol (B) with the gradient elution as follows: 0--3.0 min, 45% B to 80% B; 3.0--4.0 min, 80% B; 4.0--6.0 min, 80% B to 45% B. The flow rate was 1 mL/min. The detection wavelength was 240 nm. The injection volume was 10 μL. The linear range of daiazein was 0.313--50 μg/mL, and the regression equation was *y* = 35,461x + 1802.4, *R*^2^ = 0.9999. The retention time of daidzein is 4.30 min, and no interference from the DLCL formulation was found on the determination of daidzein (Fig. [1](#Fig1){ref-type="fig"}). The precision, reproducibility, stability, and sample recovery of the analysis method were strictly investigated and met the requirements of the quantitative analysis (Table [1](#Tab1){ref-type="table"}). Fig. 1Typical chromatograms of blank liposomes (**a**), daidzein reference substance (**b**), and DLCL sample (**c**) Table 1Precision, reproducibility, recovery, and stability of daidzein detected by HPLC method (*n* = 6)ComponentsConcentration (ng/mL)Precision (%, RSD)Reproducibility (%, RSD)Recovery (%)Stability (%, RSD)Daidzein0.31251.180.8396.02.17101.010.7196.22.01500.960.5996.72.03

Prescription Screening by Orthogonal Test {#Sec7}
-----------------------------------------

Taking particle size and encapsulation efficiency (EE) as evaluation indexes, the orthogonal design of four factors and three levels was performed to optimize the best matching of the molar ratio of SPC to cholesterol (A), the mass ratio of the drug (daidzein) to total lipid (SPC and cholesterol) (w/w) (B), hydration temperature(C), and ultrasonic time (D) at the condition of 5% content of DSPE-mPEG2000 \[[@CR21], [@CR22]\].

Diameter and Morphology of DLCL {#Sec8}
-------------------------------

The particle size and zeta potential of the prepared DLCL solution were measured by a laser particle size analyzer (Zetasizer Nano90, Malven Instruments Limited, Worcestershire, UK) at room temperature, 230 V and 50 HZ. The prepared DLCL solution was diluted 10 times with pure water and then taken up from the edge of the copper mesh with tweezers. After drying at room temperature and counter-staining by phosphotungstic acid aqueous solution (2%, w/v), the morphology of the completely dried DLCL was observed using a field emission transmission electron microscope (JEM-2100 (HR), JEOL Ltd., Tokyo, Japan) at acceleration 200 kV and transmitter LaB6.

EE and Drug Loading of DLCL {#Sec9}
---------------------------

The EE and drug loading of the prepared DLCL were assayed by the dialysis method stated as follows: (1) 500 μL of the prepared DLCL solution was added into a dialysis bag with the molecular weight cutoff of 8000--14,000 (BioSharp Sai-Guo Biotechnology Co., LTD), then tied the two ends of the dialysis bag tightly, and put the dialysis bag into 20 mL of water (dialysis medium). After vibrating with shaker for 12 h, 1 mL of the dialysis medium was taken and centrifuged at 12000 rpm for 10 min to determine the free drug concentration (*C*~1~) in the supernatant. (2) Five hundred microliters of the prepared DLCL solution and 2000 μL of methanol were mixed by vortexing for 15 min to destroy the liposomes and then centrifuged at 12000 rpm for 10 min to determine the total drug concentration (*C*~0~) in the supernatant. (3) Ten milliliters of the prepared DLCL solution (*V*~0~) was lyophilized to weigh the solid powder mass (*W*~0~). (4) The EE and the drug loading were calculated according to the formula stated as follows: $$\documentclass[12pt]{minimal}
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In Vitro Drug Release {#Sec10}
---------------------

The in vitro release of DLCL and free daidzein was determined by dialysis method. The simulated gastric fluid was 0.1 mol/L HCl (pH 1.2) containing 0.5% Tween-80, and the simulated intestinal fluid was 25 mM PBS buffer (pH 6.9) containing 0.5% Tween-80. 0.5 mL of the prepared DLCL solution was added into a dialysis bag with a molecular weight interception of 8000--14,000 and placed in 20 mL of the two release media, respectively. The release test media were stirred (100 rpm) continuously at 37 °C. At the indicated time points (0, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, 72, 96, 120, and 144 h), aliquots of the sample (1 mL) were taken from the dialysate and then supplemented the same amount of fresh release media. One milligram per milliliter of daidzein (dissolved in DMSO) was used as a control and placed respectively in the above two release media for the same treatment. Daidzein was measured at each time point, and the cumulative release rate was calculated according to the formula: $$\documentclass[12pt]{minimal}
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In the formula, *V*~1~ was the sampling amount at each time point, *V*~2~ was the volume of the dialysis medium, *C*~1~\~*C*~*i*~ was the concentration of daidzein measured at each time point, and *V*~0~ and *C*~0~ were the volume and concentration of DLCL added to the dialysis bag.

Pharmacokinetics of DLCL in Rats {#Sec11}
--------------------------------

Ten male Sprague-Dawley rats were randomly divided into two groups (*n* = 5). One group was daidzein (suspended in 0.5% sodium carboxymethylcellulose) group, and another group was DLCL (dissolved in water) group. The doses of daidzein in the two groups were 30 mg/kg. Before the oral administration, rats were fasted for 12 h and free to drink water. After the rats were intragastrically administered, the daidzein group was taken 0.5 mL blood from the fundus venous plexus of each rat at 3 min, 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, and 36 h, respectively. Meanwhile, the DLCL group was taken 0.5 mL blood from each rat by the same way at 1 min, 3 min, 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, and 36 h, respectively. The blood sample was placed in a heparinized centrifuge tube and centrifuged at 4000 rpm for 10 min, and the plasma was taken to store at − 80 °C. The content of daidzein in the plasma sample was determined by the established LC-MS/MS method to obtain its drug-time curve in the tested rats. The pharmacokinetic parameters were calculated with non-compartment model by using DAS3.0 software (Professional Member of Chinese Pharmacology Society, Shanghai, China).

Determination of Daidazein in Rat Plasma by LC-MS/MS {#Sec12}
----------------------------------------------------

Rat plasma samples were pretreated as follows: rat plasma (50 μL), methanol (10 μL), internal standard (IS) apigenin dissolved in methanol (10 μL, 500 ng/mL), and 5% formic acid aqueous solution (100 μL) were mixed in a clean 1.5-mL test tube. Following briefly the vortex-mixing, 1.2 mL of ethyl acetate was added into the mixture. After shaking at room temperature for 5 min, the mixture was centrifuged at 12,000 rpm for 10 min. The resulting upper organic phase (1 mL) was transferred into another clean 1.5-mL test tube, evaporated and re-dissolved in the mobile phase (100 μL). The supernatant obtained by centrifuging at 12,000 rpm for 10 min was collected for LC-MS/MS analysis. The quantitative conditions of rat plasma samples are described below: GL Inertsustain C18 (100 mm × 2.1 mm, 3 μm) was connected to a Shim-pack Column Holder guard column (5.0 mm × 2.0 mm, 1.6 μm) at a column temperature of 40 °C; the gradient elution with the flow rate of 0.2 mL/min was performed using the mobile phase consisted of water (A)-methanol (B) in the conditions of 50% B to 80% B (0--2.00 min), 80% B (2.00--4.00 min), 80% B to 50% B (4.00--6.00 min), and 50% B (6.10--8.00 min). The injection volume was 10 μL. The negative ion multi-reaction monitoring mode (MRM) was used to detect the ion pairs of daidzein (*m*/*z* 253.0 → 224.15) and IS (*m*/*z* 269.00 → 117.05). The other conditions were stated as follows: ESI ion source, heating block temperature 400 °C, DL tube heating temperature 250 °C, atomizing gas (*N*~2~) volume flow 3.0 L/min, drying gas (*N*~2~) volume flow 15.0 L/min, and ion spray voltage − 4.5 V. The retention times of daidzein and internal standard (apigenin) were 4.5 min and 5.4 min, respectively, and the endogenous substances in plasma did not interfere with the determination of daidzein and internal standard (Fig. [2](#Fig2){ref-type="fig"}). Quantitative methodology was strictly investigated and met the requirements of quantitative analysis of biological samples (Table [2](#Tab2){ref-type="table"}). Fig. 2HPLC of blank plasma (**a**), daidzein + apigenin (internal standards) + blank plasma (**b**), and plasma sample (**c**). 1, daidzein; 2, apigenin (IS) Table 2Precision, matrix effect, extraction recovery and stability of daidzein, and IS detected by LC--MS/MS method (*n* = 6)ComponentsConcentration (ng/mL)Within-batch precision (%, RSD)Between-batch precision (%, RSD)Matrix effect (%)Extraction recovery (%)Daidzein107.214.6869.97114.375006.486.3287.6493.218004.455.9886.3791.81IS100----84.8696.59ComponentsConcentration (ng/mL)Stability (%, RSD)Freeze and thaw three timesPlaced at room temperature for 24 hFreezing at − 20 °C for 5 daysDaidzein109.878.733.785003.426.956.89

Statistical Analysis {#Sec13}
--------------------

Data are presented as mean ± standard deviation (SD). Statistical comparisons were made using one-way analysis of variance (ANOVA), followed by Tukey's test. Values were considered statistically significant at *p* \<  0.05.

Results and Discussion {#Sec14}
======================

Effect of Preparation Processes on Nanoliposome Characteristics {#Sec15}
---------------------------------------------------------------

The orthogonal test design and test results are shown in Table [3](#Tab3){ref-type="table"}, and the variance analysis results are shown in Table [4](#Tab4){ref-type="table"}. Intuitive analysis (Table [3](#Tab3){ref-type="table"}) showed that the order of influence of four factors on particle size was drug-lipid ratio \> SPC-cholesterol ratio \> hydration temperature \> ultrasonic time, which had little effect on encapsulation efficiency. Analysis of variance (Table [4](#Tab4){ref-type="table"}) showed the drug-lipid ratio; SPC-cholesterol ratio has a significant effect on particle size. The optimal preparation conditions for DLCL were A~1~B~1~C~2~D~1~, the ratio of SPC to cholesterol was 55:40, the ratio of drug to lipid was 1:10, the hydration temperature was 50 °C, and the ultrasonic time was 24 min. Table 3Results of the orthogonal-design L~9~(3^4^) testTestABC/°CD/minSizeEE/%155∶40 (1)1:10 (1)60 (1)12 (1)146.980.21255∶40 (1)1:15 (2)50 (2)24 (2)173.076.32355∶40 (1)1:20 (3)40 (3)36 (3)184.461.25465∶30 (2)1:10 (1)50 (2)36 (3)152.281.26565∶30 (2)1:15 (2)40 (3)12 (1)172.673.27665∶30 (2)1:20 (3)60 (1)24 (2)197.468.92775∶20 (3)1:10 (1)40 (3)24 (2)159.176.37875∶20 (3)1:15 (2)60 (1)36 (3)186.070.12975∶20 (3)1:20 (3)50 (2)12 (1)213.164.93K1168.10152.73176.77177.53K2174.07177.20179.43176.50K3186.08198.30172.03174.20R17.9745.577.403.33 Table 4Analysis of varianceFactor*S* ~*T*~df*F*SignificanceA502.40228.76\*B3130.152178.61\*C84.2824.82D17.4721.00E (error)17.472\**p*\<0.05

Three batches of DLCL were prepared in parallel according to the above-optimized process. The EE was 85.3 ± 3.6%, and the drug loading was 8.2 ± 1.4%. The average particle size was 156.1 ± 3.0 nm with the PDI of 0.294 ± 0.012 and the zeta potential of − 49 ± 0.6 mV. The particle size distribution of DLCL was shown in Fig. [3](#Fig3){ref-type="fig"}, which indicated that under the optimized preparation process conditions, the prepared DLCL had a narrow and uniform particle size distribution. The shape and structure of the DLCL particles observed by TEM was round or elliptical, and the size was basically uniform (Fig. [4](#Fig4){ref-type="fig"}). Fig. 3Particle size distribution of DLCL Fig. 4TEM photograph of DLCL

Daidzein is a typical drug with poor hydrophilic and lipophilic properties. The directional combination of the drug to the polar end of the phospholipid can make them both in a highly dispersed state. The crystal characteristics of the drug are inhibited, and the lipid solubility was increased \[[@CR11]\]. It was reported that in the interaction between daidzein and lipid bilayer, about 15% of daidzein is located in the hydrophilic region of the liposome membrane \[[@CR23], [@CR24]\] and the rest is distributed at the water/membrane interface \[[@CR25]\]. According to the results of TEM, the double structure of DLCL was obvious, and the insertion of daidzein did not affect the double structure of lipids.

Effect of Preparation Processes on In Vitro Drug Release {#Sec16}
--------------------------------------------------------

The results of in vitro release experiments were shown in Fig. [5](#Fig5){ref-type="fig"}. In the release medium of the simulated gastric fluid (0.1 mol/L HCL containing 0.5% Tween-80), the cumulative release rate of daidzein was about 85% at 1 h and complete release at 12 h; DLCL released 18% at 1 h, 60% at 12 h, and 100% at 48 h. In the release medium of simulated intestinal fluid (25 mM PBS buffer containing 0.5% Tween-80, pH 6.9), the cumulative release rate of daidzein was about 73% at 1 h, 84% at 12 h, and complete release at 24 h; DLCL released 3% at 1 h, 59% at 12 h, and 100% at 48 h. Fig. 5In vitro release of DLCL and free daidzein at hydrochloride solution (pH 1.2) containing 0.5% Tween 80 (**a**) and phosphate buffer (pH 6.9) containing 0.5% Tween 80 (**b**) (mean ± SD, *n* = 3)

The results of in vitro release experiment showed that DLCL was significantly slow-release in dialysis media with pH 1.2 and pH 6.9, and the release rate in dialysis media with pH 1.2 was faster than that in dialysis media with pH 6.9. This may be due to the fact that lipid bilayer structures are vulnerable under acidic conditions and have poor stability.

Effect of Preparation Processes on the In Vivo Pharmacokinetics {#Sec17}
---------------------------------------------------------------

The mean plasma concentration-time curves of daidzein after oral administration of a single dose of daidzein and DLCL were shown in Fig. [6](#Fig6){ref-type="fig"}, and the main non-compartmental pharmacokinetic parameters of daidzein in both groups were displayed in Table [5](#Tab5){ref-type="table"}. The results showed that under the iso-dose daidazein (30 mg/kg) in both groups, the plasma concentration of daidzein in DLCL group was always higher than that in daidzein group. The AUC~0−*t*~ (the area under the plasma drug concentration-time curve, which represents the total absorption after a single dose and reflects the drug absorption degree) of daidzein in DLCL group was 1515.52 ± 532.40 μg/L\*h, which was 2.5 times than that of the daidzein group (*p* \<  0.05). Additionally, the MRT~0−*t*~ (mean residence time, which is the time required for the elimination of 63.2% of drug in the body) and *t*~1/2~ (the elimination half-life, which is the time required to halve the plasma drug concentration of the terminal phase) of daidzein in DLCL group were prolonged by 1.6 times and 1.8 times than that of daidzein group, respectively (*p* \<  0.05). The pharmacokinetic results indicated that DLCL could not only reduce the first-pass effect of daidzein to promote its oral absorption, but also prolong its mean resident time to achieve the slow-release effect. Fig. 6Mean plasma concentration-time curves of DLCL and free daidzein after oral administration of a single dose of daidzein (30 mg/kg) (mean ± SD, *n* = 5) Table 5Main pharmacokinetic parameters of daidzein after rats were orally administered with DLCL and daidzein (mean ± SD, *n* = 5)ParameterUnitDaidzein groupDLCL groupAUC~0−*t*~μg/L\*h647.95 ± 166.43\*1515.52 ± 532.40AUC~0−*∞*~μg/L\*h650.33 ± 166.53\*1606.64 ± 554.69MRT~0−*t*~h7.81 ± 1.12\*12.51 ± 2.63*t* ~1/2~h4.83 ± 1.06\*8.70 ± 3.342*T* ~max~h0.20 ± 0.045\*0.12 ± 0.053*C* ~max~μg/L\*h316.39 ± 87.76355.05 ± 38.96\**p* \< 0.05 vs daidzein group

Conclusions {#Sec18}
===========

It has been reported that nano-lipid carriers, including self-emulsifying drug delivery system (SEDDS), solid lipid nanoparticles (SLN), and nano-structured lipid carriers (NLC), can effectively improve the solubility, permeability, gastrointestinal stability, and oral bioavailability of drugs. SEDDS is composed of anhydrous isotropic oil, emulsifier, auxiliary emulsifier, solubilizer, and drug. Through the emulsification of lipids in the gastrointestinal tract, it can increase the surface area absorption and the permeability of drugs and promote drugs to enter systemic circulation. However, SEDDS has a low drug load and is prone to drug crystallization and in vivo precipitation, and the correlation between in vitro and in vivo results is poor \[[@CR26], [@CR27]\]. SLN is composed of drug, lipid, and surfactant. With unique particle structure characteristics and controllable release advantages, SLN can significantly improve the targeting and promote the uptake of cancer cells when used to encapsulate anticancer drugs. However, SLN is not suitable for encapsulating hydrophilic drugs and drugs with cationic charge \[[@CR28]\]. NLC is the second generation of lipid nanoparticles formed by a mixture of liquid and solid lipids, with higher stability than SLN. It can effectively encapsulate hydrophobic molecules and prolong the residence time of drugs in the body, but its preparation cost is high \[[@CR29]\].

In order to improve the poor oral bioavailability of daidzein, recent studies were focused on its novel drug delivery system, such as daidzein-phospholipid complex loaded lipid nanocarriers with 91.7 ± 1.5% of EE and 6.87-fold of increased AUC \[[@CR11]\], daidzein-self-assembled nanodelivery system with 85.9 ± 2.7% of EE ninefold of increased AUC \[[@CR12]\], and daidzein-PLGA nanoparticles with 81.9% of EE and 5.57-fold of increased AUC \[[@CR13]\].

In the present work, the EE and drug loading of DLCL prepared under optimized conditions were 85.3 ± 3.6% and 8.2 ± 1.4%, respectively. The in vitro complete release times of DLCL in the medium of pH 1.2 and pH 6.9 increased by four- and twofold of that of free drugs, respectively. After rats were orally administered with a single dose of daidzein (30 mg/kg) and DLCL (containing equal dose of daidzein), the *t*~1/2~, MRT~0−*t*~, and AUC~0--*t*~ of daidzein in DLCL group increased by 1.8-, 1.6-, and 2.5-fold as compared with those in daidzein group, which indicated that DLCL promoted the oral absorption and prolonged the mean resident time of daidzein in rats.
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